The comprehensive and systematic management of watersheds is essential for reducing the adverse environmental impacts arising from anthropogenically caused erosion and subsequent sedimentation. This paper describes a computational methodology that is designed to serve as a watershed decision support system and is capable of controlling environmental impacts of non-point source pollution resulting from erosion. In the decision process, the methodology also accounts for other inseparable objectives such as economics and social dynamics of the watershed. This decision support tool was developed by integrating a comprehensive hydrologic model known as SWAT and state-of-the-art multiobjective optimization technique within the framework of a discrete-time optimal-control model. Strength Pareto Evolutionary Algorithm (SPEA), a multiobjective optimizer based on evolutionary algorithms, has been used to generate Pareto optimal sets. For demonstration purposes, the tool was applied to the Big Creek watershed located in Southern Illinois. Results indicate that the methodology is highly effective and has the potential to improve comprehensive watershed management.
INTRODUCTION
Soil erosion is a natural phenomena that involves the processes of detachment of sediment particles from a larger soil mass and subsequent transport and deposition of those particles on land surfaces and in water bodies.
Most river reaches are naturally balanced with respect to sediment inflow and outflow (Morris & Fan 1998) .
Today, however, human activities such as deforestation, cultivation, overgrazing, construction and other practices have increased erosion beyond its natural rate. These aggravated rates are responsible for many on-site and off-site impacts. Ritter & Shirmohammadi (2001) indicate, for example, that erosion is the source of 99% of the total suspended loads in the waterways of the United States.
The same authors estimate that approximately five billion tons of soils eroded every year in the United States reach small streams. This sediment has a tremendous cost associated with it in terms of stream degradation, disturbance to wildlife habitat, and direct costs for dredging, levees and reservoir storage losses. Sediment is also an important vehicle for the transport of soil-bound chemical contaminants from nonpoint source areas to waterways. According to the U.S. Department of Agriculture (USDA), soil erosion is the source of 80% of the total phosphorus and 73% of the total nitrogen loads in U.S. waterways (Ritter & Shirmohammadi 2001) .
Attempts that target reduction of sediment yield from a watershed could therefore prevent a significant amount of nutrients from entering water bodies. Proper management of activities in a watershed is the primary key to reducing these adverse impacts, especially those arising from anthropogenic activity. Mechanisms that aid in reducing levels of soil disturbance and degree of detachment (e.g. tillage practices), that cut long steep slopes and reduce transporting capacity of surface runoff (e.g. structural measures), and that do not expose the soil to the direct impact of falling precipitation (e.g. vegetation) are some available management techniques. While many researchers agree that there is no single dominant factor that explains the wide variability of erosion, using data from 61 gage stations in Southern Kenya, Dunne (1979) demonstrated that land use is a dominant factor explaining variability in sediment yield. This finding indicates that the role of vegetation in reducing erosion and sedimentation is multi-faceted. Vegetation can absorb kinetic energy of the falling rain and reduce its detaching potential. Through its root system, vegetation can bind soil masses together and increase the soil's resistance to detachment.
Vegetation also increases soil roughness and reduces transporting capacity of overland flow. These aspects are likely to be the reasons why Morris & Fan (1998) concluded that 'land use improvement is the best and probably the only feasible method'. This study explores the potential role of vegetation and management combinations in addressing the global scale threat posed by erosion. Emphasis herein is specifically placed upon agriculturally dominated watersheds.
Land use management decisions should not only account for a singular objective of reducing environmental impacts of erosion, but also should integrate the feasibility of the designed policy from the socioeconomic perspective of the watershed. With regard to an agricultural watershed with multiple landowners, a likely stakeholder concern may be the economic benefit that he/she may generate from his/her farm. A systematic method of including this individual owner's perspective into a decision support system is crucial for successful implementation of the policy. To address this critical socioeconomic factor, a farm-scale policy that integrates both economic and environmental objectives is adopted in this investigation. The methodology designed here searches for the 'best' land use and management combination that can generate maximum benefit for the farm owner, and at the same time, minimizes erosion and sediment yield from the farm. In this way, all stakeholders in the watershed contribute to the common goal of reducing adverse impacts of erosion from their commonly owned watershed, while preserving their private goals of maximizing farm income.
Effectiveness of this computational methodology is, however, directly influenced by the capability of the model used to estimate erosion and sediment yield for a given land use and management alternative and its ability to account for the various environmental factors that may affect the processes of erosion. Fortunately, over the last three decades, advances in hydrological science and engineering, as well as computer capabilities, have stimulated the development of a wide variety of mathematical simulation models for such estimates. Some of these models integrate Geographic Information System (GIS) technology, thus improving their data management, retrieval and visualization capabilities. The most comprehensive simulation techniques are process-based (physically based), distributed models such as SHE (Abbott et al. 1986 ), AGNPS (Young et al. 1987) , ANSWERS-2000 (Bouraoui & Dillaha 1996) and Soil and Water Assessment Tool, or SWAT (Arnold et al. 1999) . These models have replaced traditional lumped, empirical models that relate management and environmental factors to runoff and sediment yield through statistical relations. Distributed models are able to capture the spatial and temporal heterogeneity of environmental factors such as soil, land use, topography and climate variables. This not only makes their resulting estimates more accurate, but also allows policies to be designed on small and more practical scales such as the farm-scale, which has been adopted in this study. SWAT, as mentioned above, is a particularly problems that require the explanation of a range of available alternatives.
A comprehensive decision-making framework for watershed management requires the integration of a hydrological simulation model and a suitable optimization technique that is capable of solving complex control problems. This integrative method, referred to here as a discrete-time optimal control methodology, has been increasingly popular in water resources related fields and has provided solutions for large-scale problems in areas of reservoir management (Yeh 1985; Unver & Mays 1990; Nicklow & Mays 2000) , bioremediation design and groundwater management (Wanakule et al. 1986; Yeh 1992; Minsker & Shoemaker 1998) , design and operation of water distribution systems (Cunha & Sousa 2000; Sakarya & Mays 2000) and watershed management, . Nicklow (2000) provides a comprehensive review of the benefits of the approach, which include a reduced need for additional simplifying assumptions about the problem physics in order to reach an optimal policy and a decrease in size of the overall optimization problem. Furthermore, if the developer is able to incorporate existing simulation procedures that have been widely accepted in engineering practice, the optimal control model attempts to improve the practical utility of the approach. When applied to a typical nonpoint source pollution reduction problem, the approach allows the direct determination of land-use patterns and tillage practices that solve the following formulation: GEOLP is an enhanced version of an economic farm model developed by Kraft & Toolhill (1984) and was used to maximize annual farm income, rather than control nonpoint source pollution. presented an application of this methodology in which SWAT and a genetic algorithm were coupled for purposes of watershed management under consideration of a single objective of minimizing sediment yield from a basin. In this paper, the methodology is expanded for solution to a typical multiobjective problem involving both nonpoint source pollution and economic goals. The methodology is designed to yield directly the land use pattern that simultaneously minimizes sediment yield and maximizes net farm-level profits from a watershed, subject to specified constraints. The particular approach used here interfaces SWAT with an evolutionary multiobjective global search strategy known as SPEA (Zitzler & Thiele 1999) 
PROBLEM FORMULATION
For the multiobjective problem being studied, the vector of decision variables is represented as seasonal cropping and tillage practices that define an agricultural landscape. The important state variables under consideration are sediment yield and economic benefit that occur in response to the applied land-use pattern. The problem can be expressed mathematically as 
and crop management constraints, expressed in functional form as
where Z represents the functions to be minimized; y t is annual sediment yield; P t is the net annual economic benefit to be maximized; T is the number of years in the simulation horizon; C s and T s represent crops planted and tillage practices implemented during season s of year t; X s is a generic term that represents all other hydrological and hydraulic factors that may affect sediment yield and crop yield during season s of year t, and M is an average market price for crop C over the decision period T.
WATERSHED AND CROP GROWTH SIMULATION MODEL
The transition constraints provided in the current problem formulations are best solved using a comprehensive water- While SWAT can be used to study more specialized processes such as bacteria transport, the minimum data required for execution are commonly available from government agencies, thus boosting its practical utility.
SWAT inputs can be divided into the following categories: SWAT is designed to simulate major hydrological components and their interactions as simply, and yet realistically, as possible (Arnold & Allen 1996) . Hydrological processes that are modelled include surface runoff, 
where y is the sediment yield from an HRU in tons; V is the surface runoff column for the HRU in m 3 ; q p is the peak flow rate for the HRU in m 3 /s; K is a soil erodibility factor;
C is a crop management factor, which accounts for crop rotations, tillage methods, crop residue treatments, and other cultural practice variables; P is an erosion control factor; and LS is the slope length and steepness factor (Yang 1996; Arnold et al. 1999) . A quick observation of the MUSLE reveals a range of possibilities for reducing sediment yield from watersheds. As described earlier, these include the minimization of erosive potential of rainfall using alternative ground covers, the usage of tillage practices that cause less soil disturbance, the reduction of long, steep slopes through construction of terraces and check dams, and the proper choice of land use and management combinations. Land use and tillage practices in particular play a significant role in reducing erosive power of rainfall by binding the soil and reducing soil mobility and by increasing roughness to retard transport. For an m-dimensional minimization problem Veldhuizen & Lamont (2000) defined Pareto dominance and Pareto optimality as follows:
These Pareto optimal solutions may have no clearly apparent relationships other than that they form a set of solutions whose corresponding vectors are non- (1) and (2), where f 1 (x) is mean annual sediment yield (Equation (1)) and f 2 (x) is mean annual net profit (Equation 2). Transition equations and system constraints given in Equations (3) fitness values of all individuals in P′ that dominated individual j will be added and a value of one is added to this total to ensure that members of P′ have better fitness than members of P:
Based on their fitness values, individuals from P and P′ are ranked and selected according to a user-defined scheme until the mating pool is filled. Problem-specific crossover and mutation operators are then applied. On subsequent generations (iterations), dominance is checked within P′, and those solutions that are dominated are removed. If the number of solutions (Pareto optimal set) stored in P′ exceeds a user specified maximum number of niches (N′), P′ is pruned by clustering. For this study, an average linkage method was used for clustering. Unless the convergence criteria is satisfied, another iteration begins by searching for non-dominated solutions and copying them to P′. Figure 1 presents the structure of SPEA. For further detail of the algorithm, including fitness assignment and the clustering approach, the reader is referred to Zitzler & Thiele (1999) .
Equations (1) and (2) 
SOLUTION METHODOLOGY
The optimal control methodology developed to solve the multiobjective problem relies on an interface between SWAT and SPEA, as illustrated in Figure 2 The solution methodology assumes that each HRU represents a particular farm field that is singularly or commonly owned by a landowner. Under this assumption, a landowner's decision concerning land uses and tillage types will have no influence on the decisions made by neighbouring landowners. Expressed differently, the methodology allows each landowner within the watershed to make independent decisions, but contributes towards the overall goal of minimizing sediment yield to a receiving water body. This approach supports ILEPA's recognition that watershed planning and management begins with the responsibility of farmers and other landowners who have ownership rights within The solution methodology begins with randomly generated chromosomes for each HRU, each consisting of five genes, which represent the sequence of land covers and tillage practices to be implemented over a three-year period for that farm field. By design, each chromosome is feasible according to the specified crop management constraints described above. Satisfaction of the management constraints is checked not only during initial random generation of alternative solutions, but also on crossover and mutation operations. This was performed using the systematically assigned crop codes (see Table 1 ), and supplying minimum and maximum values (codes) that a certain season's gene may assume. For further illustration, Table 2 provides two examples of potential chromosomes.
Considering the second alternative in the table, sorghum with conservation tillage is a warm season crop and is chosen as gene 1; then wheat with fall tillage is a winter crop chosen as gene 2; soybean with no tillage which can be grown over the summer after harvesting wheat is the third land cover; and the last land cover selected over the decision time horizon is pasture with no tillage. In alternative 1, silage with spring tillage was proposed as the first gene and the second gene was chosen to be perennial land cover, which is alfalfa with no tillage option. The third, fourth and fifth genes of the chromosome were then automatically assigned the same land cover (i.e. alfalfa with no tillage) to satisfy the management constraints due to perennial cropping.
Once a single, random decision policy is chosen for an HRU in the watershed, the task of assigning operational management schedules for the HRUs is accomplished.
This process is repeated for all HRUs in the watershed where potentially different policies are chosen for different HRUs, according to the process described above. After 
APPLICATION TO THE BIG CREEK WATERSHED
The Cache River basin, shown in Figure 3 , is located in presented in the plot shown in Figure 4 . The plot shows Pareto-optimal fronts obtained at generation 2 and generation 50. The search was continued until generation 100, but no significant improvement was found after generation 50. One can clearly see that none of the alternatives at any corresponding generation are better than any other as to the criteria that were supplied to the model. Alternatively stated, improvement in one of the objective functions comes only at the expense of deterioration of the other objective and no solution is better than the other solution according to the model criteria. The policy maker can add his/her own criteria to decide on which of these seven alternatives to implement. At the same time, the ability of the model to guide the search to a region that improves both objectives simultaneously is demonstrated. This is evident from a comparison of the Pareto front found at generation 50 with that obtained at generation 2. It is also interesting to see that the optimal land covers chosen make a clear compromise between erosion protection and generating profit. Considering the plot for generation 50, for example, land covers that correspond to alternatives on the lower portion of the curve (i.e. graciously provided support for this ongoing research effort, and the anonymous reviewers for their valuable comments.
